This work employs the environmental methodology of Life Cycle Assessment (LCA) in compliance with ISO 14040 and uses software SimaPro® 7.3.2 to compare the environmental impact in process production of flat plate and evacuated tube solar collectors. In addition, an economic analysis was performed based on the acquisition budgets and the operation of such types of collectors. The results show that the manufacturing of flat plate solar collectors has larger environmental impact, and carcinogen is the major category which causes environmental impact in both types of collector as a result of the consumption and emission of arsenic and cadmium ions. Economically, the cost of acquisition of evacuated tube solar collectors is 104.04%. Therefore, the choice for a specific kind of collector depends on the desired advantages, and a complement is required for decision-making based on the availability of economic resources.
Introduction
The industrial and population growth has intensified the use of energy resources in order to meet the most diverse needs, to produce wealth and to provide comfort and better quality of life. The current demand for energy is supplied mostly by non-renewable sources such as oil and coal. However, particular characteristics of these sources, such as their finite character and, particularly for oil, price instability, have worried the world community. Furthermore, the atmospheric emission profile of materials such as carbon dioxide and carbon monoxide, sulphur dioxide and particulate materials during their production and use is worrisome, because it emphasizes environmental problems such as global warming and acid rain, among others. In this context, the use of renewable energy from sources such as the sun, winds and biomass poses a promising alternative to the energetic challenges and the mitigation of environmental impacts. In many parts of the world, direct solar radiation is considered one of the most prospective sources of energy (Muthusivagami et al., 2010) . The direct use of solar energy is also of a great economic interest and helps mitigate greenhouse effect gases (Michels et al., 2008 ). Solar energy is emerging as one of the most promising renewable sources because it can be used both to produce thermal energy (heat) by means of solar radiation and to generate mechanical or electric power (photovoltaic effect). However, renewable sources of energy are not exempt from the possibility of environmental impacts. They are often presented as "clean sources", not considering the impacts related to industrial production (Ardente et al., 2005) . For this reason, their manufacturing process needs to be analyzed because it consumes energy and raw materials that can be associated with environmental pollution.
A wide range of studies have investigated and verified the least environmental impact caused by the use of renewable energy as opposed to the use of non-renewable energy, especially comparing the use of solar collectors and the use of conventional heating systems (natural gas and electric power) (ReyMartínez et al., 2008; Kalogirou, 2009; Hang et al., 2012) . Some studies have also economically compared solar collectors with traditional ones (Ozsabuncuoglu, 1995) , while others aimed to optimize the performance of solar collector in a general form (Szargut and Stanek, 2007) . Among solar collector types, flat plate and evacuated tube collectors are the most frequently investigated ones, but such comparisons address characteristics such as sensitivity, efficiency, loss coefficient or composition and/or configuration (Kalogirou, 2004; Matuska and Sourek, 2006; Kim et al., 2007; Zambolin and Col, 2010) , alternatively, only an environmental comparison is made (Ardente et al., 2005; Pehnt, 2006; Kalogirou, 2009) . A few works have been reported on the comparison of the types of solar collectors as regards environmental impacts as well as acquisition cost analyses and simultaneous installation. Comparative studies on environmental and economic aggregate aspects among types of solar collectors are necessary in view of the current importance of such information at the time of acquiring solar collectors.
In this context, this study aimed to evaluate the best alternative between two models of solar collectors, flat plate type ( Fig. 1 ) and type evacuated tube (Fig. 2) , both economically and environmentally. This system is intended to partially replace the use of fuel oil to heat the swimming pools of Physical Education and Sports Centre (CEFD) at the Federal University of Santa Maria (UFSM), Brazil. This evaluation is based on an environmental study through Life Cycle Assessment (LCA), whose applicability has been verified in several studies (Tsilingiridis et al., 2004; Battisti and Corrado, 2005; Ma et al., 2010; Cellura et al., 2011; Simons and Firth, 2011; Hang et al., 2012) . LCA encompasses the manufacturing process of flat plate and evacuated tube collecting plates as well as an economic feasibility study.Although there are several studies comparing the performance of these collectors, at the best of our knowledge, there are no reports in literature concerning the economic-environmental comparison between flat plate and evacuated tube solar collectors.
Materials and methods
The amount of each type of collectors was estimated based on the available area and for maximum energy production for each type of solar collector. From the evaluation of the conditions of the installation location for collectors, it was possible to specify the amount of each type of collector that can be installed. Factors as the geometric conformation of each collector type, the quality of the working fluid and the temperature of application also influenced the threshold quantity of collectors. The data used in this study are presented in Table 1 . For environmental analysis, Life Cycle Assessment was performed with software SimaPro® 7.3.2, which has been widely used for LCA of solar collectors (Battisti and Corrado, 2005; Rey-Martínez et al., 2008; Simons and Firth, 2011; Hang et al., 2012) . This particular study used the Ecoinvent 2.2 database, which is already included in the software and chosen the Eco-Indicator 99 as method of impact evaluation. The stages of the life cycle were based on the ISO 14040 (2006) standard, which regulates and presents the necessary steps for LCA application. The phases of LCA are divided into four main parts: goal and scope, inventory analysis, impact assessment and interpretation of the results.
The LCA performed in this study focused only on the production of flat plate and evacuated tube solar collectors based on the fact that 89-99% of total energy consumption is associated with the production and acquisition of raw materials used to manufacture them (Ardente et al., 2005; Masruroh et al., 2006) . All data of production of the collectors was obtained directly from database of the software.
The number of units of each type of collector was calculated based on the total area available for the installation, so it was adopted as functional unit the total area under of the CEFD roofing. However, in the SimaPro ®, was allocated the amount, in square meters, concerning the amount to be installed of each type of collector.
The Fig. 3 represents a schematic of the system boundary assumed to comparison of the production process of the types of solar collectors.
Figure 3 Boundaries system
The input and output flows related to the production of each type of collector is presented in Table 2 (flat plate collectors) and Table 3 (evacuated tube collectors), and were obtained directly from database software.
For the economic analysis, was evaluated the cost of the collectors and also the accessories (such as pumps, connections and others) to the final system installation. It is noteworthy that the environmental analysis was only considered the manufacturing process of flat plate solar collector type and the type evacuated tube. Was evaluated the entire deployment system because the amount of equipment and their specifications may vary for each type of collector, as shown in the diagram in Fig. 4 , resulting in an overall cost different for both.
The economic analysis was based on the initial costs of installation and the operating costs of the solar heating system, with the data being collected through an economic feasibility study conducted at the above-mentioned Physical Education and Sports Centre at UFSM. However, environmental analysis focused only on the potential environmental impact of the manufacture of solar collectors, since the analysis did not evaluate the installation steps and operation by the fact that a proposed project and that it needed approval or disapproval. The estimation of initial costs did not take into account either the fixture-plate system or freight and manpower costs, but an extra percentage of 10% was added for any other costs and extra expenses. Operating costs are based on electricity consumption by the ECONOMIC-ENVIRONMENTAL COMPARISON BETWEEN FLAT PLATE AND EVACUATED TUBE SOLAR COLLECTORS 5 pumping system of collectors and maintenance expenses, which consists of cleaning the tubes to remove dust and dirt that can impair the absorption of solar radiation. 
Figure 4
Generic system for swimming pools Tables 4 and 5 as well as Tables 6 and 7 shows the purchase and operation costs of the flat plate collectors and the evacuated tube collectors for the same performance, respectively. The discussions for the economic analysis will be centred on the acquisition costs, since the operational costs are the same. The analysis of Tables 4 and 6 shows that the initial investment required to install the solar system with evacuated tube collectors is 104.04% higher. Both the systems possesses the item "Plates with connections and mounting" as the major cost, corresponding about 90% of the total value for the evacuated tube collector and 86% for the flat plate collector. 
Results and Discussion

Economic Analysis
Environmental analysis
Fig . 5 shows the result produced by SimaPro ® according to the chosen impact evaluation method (EcoIndicator 99). The analysis of the results illustrated in Fig. 5 shows that the flat plate collector causes the most damage and is responsible for major impacts in 10 out of the 11 impact categories investigated. Flat plate collectors inflict less environmental damage in only one category of impact: land use. This is because, in order to obtain the same performance, 480 units (or 450 m²) of flat plate collectors are necessary (according to Table 1) Fig. 6 shows the category that causes the greatest impact on the individual production of each type of collector in the long term, so that the different pollution sources can be quantified. It can be seen that the main category causing environmental impact in both collectors is that of carcinogens. This fact is possibly associated with the consumption and emission of arsenic and cadmium ions which are harmful to living beings (Kerdthep et al., 2009) . From the total of this category, 55.61% corresponds to arsenic ions and 35.66% to cadmium ions, for flat plates, while for the evacuated tubes are 54.72% and 34.42%, respectively, according the results obtained from SimaPro ® . The second-most polluting class is not the same in the two types of solar collectors; in flat plate collectors, minerals are the major sources of pollution because of a greater presence of nickel in manufacturing. For evacuated tube collectors, the greatest pollutant is the category respiratory inorganic, as a result of the emission of particulate materials. 
CONCLUSIONS
The obtained results lead to the conclusion that, from the environmental point of view, evacuated tube solar collectors are the best choice, considering the least impact generated during their manufacture, among the analyzed categories. However, from the economic perspective, it is clear that a greater investment is needed to acquire the collector system of evacuated tubes. Considering the apparent ambiguity of the results obtained, it is perceived that the choice for the type of collector depends on the desired advantage; besides, a complement is required for decision-making. The example investigated in this study was the heating system of the water of the CEFD swimming pools that has fuel oil as heat source, which is intended to be partially replaced with a solar heating system. Thus, for a situation where there are not enough financial resources, the choice for flat plate collectors is more attractive, even though their production process is more polluting. There will certainly be less environmental impact anyway because of the absence of combustion gases in the operational phase compared to the original system. Otherwise, evacuated tubes are the most advisable option when funding is available. Moreover, it should be noted that LCA is very important as a tool that can provide a complete environmental view of a process, assisting the decision-making processes in conflicts between economic, social and environmental variables.
